The highly conserved picornavirus 2C proteins, thought to be involved in genome replication, contain three motifs found in NTPases/helicases of superfamily III. We report that human parechovirus 1 2C displays Mg 2؉ -dependent ATP diphosphohydrolase activity in vitro, whereas other nucleoside triphosphates are not substrates for the hydrolysis. We also found that the 2C protein has an enzymatic activity that converts AMP to a corresponding diphosphate using ADP or ATP as a phosphate donor. In addition, we observed that ATP hydrolysis results in 2C autophosphorylation. These findings indicate that the parechovirus 2C protein has enzymatic activities, which may contribute to several functions in the viral replication cycle.
The highly conserved picornavirus 2C proteins, thought to be involved in genome replication, contain three motifs found in NTPases/helicases of superfamily III. We report that human parechovirus 1 2C displays Mg 2؉ -dependent ATP diphosphohydrolase activity in vitro, whereas other nucleoside triphosphates are not substrates for the hydrolysis. We also found that the 2C protein has an enzymatic activity that converts AMP to a corresponding diphosphate using ADP or ATP as a phosphate donor. In addition, we observed that ATP hydrolysis results in 2C autophosphorylation. These findings indicate that the parechovirus 2C protein has enzymatic activities, which may contribute to several functions in the viral replication cycle.
Human parechovirus 1 (HPEV1) is a human pathogen associated with gastrointestinal and respiratory symptoms and occasionally with infections of the central nervous system (32) . HPEV1 belongs to the Parechovirus genus of the family Picornaviridae, which are small nonenveloped viruses with a positive-strand RNA genome, approximately 7.5 kb in length (14) . After entry into the host cell, viral RNA is translated into a polyprotein, which is subsequently processed by virus-specific proteolytic activities to produce polypeptides found in the virion and nonstructural proteins involved in virus replication (32) . In addition to being directly involved in viral RNA replication, the picornavirus nonstructural proteins also take part in the modification of intracellular membranes and induction of membranous replication complexes during the infection (3, 4, 6, 8, 21) . We have recently reported that HPEV1 2C is a membrane-bound protein present in the viral replication complex, but its distribution in the infected cells differs considerably from its enterovirus counterpart (21) . The exact biochemical mechanisms by which the HPEV1 2C protein engages in virus replication are currently unknown. Here, we have performed biochemical characterization of HPEV1 2C to better understand its functions.
Analysis of HPEV1 2C ATP diphosphohydrolase activity. It has been demonstrated that 2C proteins of picornaviruses display an extensive conservation in amino acid sequences and exhibit homology to the NTPase/helicase superfamily III (9, 10) . In this study, the HPEV1 2C protein, expressed as a glutathione S-transferase (GST) fusion polypeptide, was purified under native conditions as described previously (21) (Fig. 1A ) and assayed for NTPase activity. Hydrolysis of [␥- 33 P]ATP by GST-2C was investigated by thin-layer chromatographic separation (TLC) (16) of the resulting products on polyethyleneimine-cellulose F sheets (Merck) along with known nonradioactive standards. As shown in Fig. 1B , incubation of increasing concentrations of GST-2C with 1 Ci [␥-
33 P]ATP (1,000 to 3,000 Ci/mmol; Amersham) at 37°C in a buffer containing 20 mM HEPES-KOH (pH 7.4), 5 mM Mg 2ϩ , and 1 mM dithiothreitol (DTT) in the presence of 40 M unlabeled ATP led to an increase in the released radiolabeled inorganic phosphate (P i ). The GST protein alone used in the reaction as a control and the buffer without a protein did not exhibit significant activity (Fig. 1B) . To confirm that the observed ATP hydrolysis was mediated by 2C, we thought to construct a mutant that lacked this activity. Mutational changes of the conserved Lys within the first NTPase/helicase motif of other viruses have been shown to severely impair protein hydrolytic activity (2, 24, 28, 29) . Therefore, a GST-2C K146A mutant was made using the 2CpGEX4T-1 construct (21) as a template for specific PCRbased mutagenesis using Phusion DNA polymerase (Finnzymes) and oligonucleotide primers GCATCTTTCTTGACCCACACC and TCCTTGTCCTGGCTCACCTTA as described previously (31) . GST-2C K146A was expressed in Escherichia coli cells and purified as described for the wild type. Subsequent functional analysis of the GST-2C K146A mutant showed a loss of ATP hydrolytic activity (see Fig. 3A , lane 5).
To characterize the position of the enzymatic cleavage site in ATP, experiments were performed with [␣-32 P]ATP (3,000 Ci/mmol; Amersham). In the sample containing GST-2C, ATP was hydrolyzed to ADP and AMP by hydrolysis of the ␤-␥ and ␣-␤ phosphodiester bonds (Fig. 1C) , suggesting that ADP as well as ATP are substrates for the protein hydrolytic activity. To confirm that GST-2C is able to hydrolyze ADP to AMP, the experiments were performed with ADP as a substrate. As can be seen in Fig. 1D , ADP was hydrolyzed to AMP in the reactions containing GST-2C, whereas the mutant GST-2C K146A protein possessed no such activity (Fig. 1D) . Therefore, we concluded that GST-2C has ATP diphosphohydrolase activity that can hydrolyze ␤-␥ and ␣-␤ bonds of ATP. In contrast, poliovirus and echovirus 9 2C proteins have been found to cleave only ␥-phosphate of ATP (18, 28, 30) . Although the energy released during NTP hydrolysis has been proposed to be associated with viral helicase functions required for duplex unwinding (18, 30) , direct evidence of helicase activity of the picornavirus 2C proteins is still lacking. ATP hydrolysis by 2C may also be important for generating energy that is used for conformational changes in proteins, in transport, sorting, or packaging of viral RNA, as well as in viral replication and the formation of the viral replication complex.
To analyze ATP hydrolysis activity of the HPEV1 2C protein in more detail, we first established optimal reaction conditions for the enzyme reaction. Addition of EDTA to the reaction completely abolished the ATP hydrolysis of the GST-2C protein, indicating that the activity, as that of many other NTPases, is dependent on divalent cations (15) . The optimal Mg 2ϩ concentration for the reaction was in the range of 2.5 to 5 mM (Fig. 1E) were not efficient cofactors for the activity (data not shown). We found that the pH optimum for ATP hydrolysis by 2C was 7 to 8, and maximum hydrolysis was achieved at 37°C ( Fig. 1F and G). Our results concerning NaCl dependence of the reaction indicated that monovalent cations at concentrations up to 150 mM stimulate the enzymatic activity, whereas higher concentrations inhibit ATP hydrolysis (Fig. 1H) . Therefore, appropriate concentrations of Mg 2ϩ (5 mM) and NaCl (50 mM) were added to subsequent assays.
To further characterize the enzyme activity, we performed a time course analysis of ATP hydrolysis by GST-2C. The reactions were carried out with 0.1 M GST-2C in the presence of variable amounts of unlabeled ATP and a constant amount of [␣-32 P]ATP ( Fig. 2A) . Deceleration of ADP accumulation followed by acceleration of AMP accumulation during the reaction course demonstrates that 2C does not processively hydrolyze ATP to AMP but rather uses both ATP and ADP as substrates. Consistent with that, the K m and k cat values for ATP and ADP were determined to be 3.4 Ϯ 1.6 M and 2.04 Ϯ 0.9 min Ϫ1 and 0.65 Ϯ 0.20 M and 0.32 Ϯ 0.1 min Ϫ1 , respectively. Our data indicate that HPEV1 2C protein has about a 200-fold-higher affinity to ATP than poliovirus 2C (K m value of 700 M) (28) . The turnover number for ATP hydrolysis by HPEV1 2C was similar to that reported for other viral NTPases (5, 26, 33) and G proteins (1, 22, 25) ; kinetic data published elsewhere also showed significant similarities between catalytic powers of HPEV1 2C and other viral NTPases (11, 12, 17, 27, 34, 35) .
In order to investigate the substrate specificity of the GST-2C protein, competition experiments were performed. The substrate specificity was addressed by adding GST-2C to the reaction mixtures containing 1 M cold ATP, [␥-33 P]ATP, and a 40-fold excess of each of the four unlabeled NTPs. The results, summarized in Table 1 , showed that the hydrolysis of labeled ATP was competed only by the presence of unlabeled ATP, and the presence of CTP, GTP, or UTP did not affect the release of labeled P i . Since among all the NTPs tested, ATP was the most efficient competitor, it was interesting to examine whether dATP could be also used by 2C as a substrate for the hydrolysis, but the excess of dATP had no effect on radiolabeled ATP hydrolysis (Table 1) . In regard to the question of substrate specificity, we also investigated the effect of excess of four unlabeled nucleoside triphosphates (NTPs) on HPEV1 2C ATP-binding activity. In this experiment, GST-2C was incubated in the reaction buffer containing 1 Ci [␣-
32 P]ATP and 1 M cold ATP for 15 min in the presence or absence of a 40-fold excess of unlabeled competitors. The probes were cross-linked by UV light (254 nm, 0.8 J/cm 2 ) using Stratalinker (Stratagene) and subsequently analyzed by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and autoradiography. The radioactivity associated with the GST-2C complexes was quantified by phosphorimaging (Fuji) and compared with the control sample containing no competitors. As expected, 2C was able to bind ATP efficiently (Fig. 2B) , and addition of an excess of unlabeled ATP resulted in a significant reduction of binding of radiolabeled ATP to 2C. Other NTPs did not reduce protein binding when the same proportional ratio was used. It has been previously reported that poliovirus 2C has affinity to GTP but to a much lesser extent than to ATP (28, 30) . Interestingly, echovirus 9 2C could use ATP, GTP, and CTP as substrates for hydrolysis, although higher preference was detected for ATP (18) .
In general, hydrolytic activity of NTPases is stimulated by the presence of single-stranded nucleic acids (15) . Therefore, we next sought to determine whether RNA could stimulate HPEV1 2C ATP hydrolysis. We found that the addition of poly(U) or poly(A) (Pharmacia) or specific 5Ј untranslated region or 3Ј untranslated region HPEV1 RNA (31) at different concentrations to the reaction mixture inhibited the protein activity 1.3-to 1.5-fold compared to the activity observed in the absence of RNA (Fig. 2C, lane 3) . The ATPase activity of poliovirus 2C has also been shown to be sensitive to RNA (28) . In the presence of several kinds of RNAs, an inhibitory effect on the poliovirus 2C ATPase activity of up to 90% has been reported (28) . Moreover, poly(U) has also been described to inhibit the NTPase activity of calicivirus 2C-like proteins (23, 29) . The inhibition of 2C ATP hydrolysis in the presence of RNA suggests that this activity may need to be down-regulated during some steps of viral replication. However, the underlying mechanisms of the phenomenon are not clear. It has been shown that in the HPEV1-infected cells, 2C colocalizes with viral RNA (21) , and this interaction may regulate ATP hydrolytic activity of 2C at certain steps of HPEV1 replication. Previously, we also reported that in HPEV1-infected cells the majority of 2C is found on endoplasmic reticulum-derived membranes, which seem not to be directly involved in viral replication (21) . Therefore, it could be speculated that HPEV1 2C ATP diphosphohydrolase might also be active in these (Fig. 3A) . Surprisingly, in the reaction containing [␥- 33 P]ATP and AMP as an unlabeled competitor, formation of radiolabeled ADP was observed (Fig. 3A,  lane 4) . About 60% of the substrate ATP was converted into radiolabeled ADP, suggesting that GST-2C can utilize P i , released during the hydrolysis of ATP, and AMP as acceptor molecules to generate ADP. In the presence of ADP/ATP as unlabeled competitors, formation of a small amount of radiolabeled ADP could also be seen. It should be noted that in the reactions performed with [␥- 33 P]ATP in the absence of unlabeled ATP/ ADP/AMP, radiolabeled ADP was also generated. The amount of radiolabeled ADP produced varied depending on the protein concentration and incubation time (data not shown). In a control experiment, the reaction was carried out in the presence of the GST-2C K146A protein. In contrast, no activity was observed when the mutant was substituted for the GST-2C protein in the assay (Fig. 3A, lanes 5 to 8) .
In subsequent experiments, we analyzed the AMP kinase activity of GST-2C in the presence of 1 Ci 32 P (40 mCi/ml; Amersham) and 200 M unlabeled AMP/ADP/ATP (Fig. 3B) . Formation of radiolabeled ADP was observed in the probes containing unlabeled ADP or ATP, whereas no [ 32 P]ADP formation could be seen in the reaction containing AMP. This could be explained by the activity of the protein being energy dependent, therefore requiring ATP/ADP hydrolysis. In parallel, we used the GST-2C K146A protein, and as expected, the mutant protein possessed no activity (Fig. 3B) .
To determine whether 2C has an associated kinase activity that can cause autophosphorylation, the protein was incubated in a buffer containing [␥- 33 
Concentrations of the enzyme complexes with ATP and ADP are described by the following equations:
where K m ATP and K m ADP are enzyme Michaelis constants for ATP and ADP, respectively. The ATP concentration is described by equation 5, where [ATP] t is a total concentration of ATP added to the reaction mixture
Nonlinear least-square fitting of the data was performed using SCI-ENTIST version 2.01 (Micromath), which allows the use of systems of implicit equations. (The fits for the AMP data are not as good. This may be explained by the presence of contaminating ADP in labeled ATP substrate.) (B) ATP-binding activity of GST-2C. GST-2C was incubated with [␣-32 P]ATP in the reaction buffer as described in Table 1 , 50 mM NaCl, 1 mM DTT, and 1 M cold ATP in the absence or in the presence of 40 M unlabeled NTPs. The reaction products were analyzed as described in the legend to Fig. 1B. Subsequently, half of the probe was either left untreated or treated with -protein phosphatase (New England Biolabs). When the probes were analyzed by SDS-PAGE, autoradiography revealed that 2C became radiolabeled (Fig. 3C) , suggesting that the protein is autophosphorylated during ATP hydrolysis. Subsequent treatment of the probe with -protein phosphatase significantly decreased the extent of phosphorylation (Fig. 3C) . The autophosphorylation reaction was also monitored as a function of ATP concentration (Fig. 3D) . The GST-2C protein was incubated with radiolabeled ATP in the presence of increasing amounts of unlabeled ATP and then analyzed by SDS-PAGE. Autoradiography revealed that 2C autophosphorylation was gradually decreased in the presence of increasing concentrations of unlabeled ATP. GST-2C K146A was used as a control protein, and autoradiography showed that the mutant was not autophosphorylated during the reaction (Fig. 3D, lane 5) .
In this communication, we report on enzymatic activities of the HPEV1 2C protein, ATP diphosphohydrolase, AMP kinase and autophosphorylation, which have not been reported previously. However, the molecular details of 2C autophosphorylation remain to be resolved, and potentially it may involve a cascade of events initiated by the ATP hydrolysis activity of the protein causing its autophosphorylation.
The specific role of the HPEV1 2C AMP kinase activity in virus replication is still unclear, although one may speculate that it represents an adenosine diphosphate-generating system and allows utilization of ADP for different processes, e.g., replication during the host cell stationary phase when NTP levels may be low. Most interestingly, it has been demonstrated that encephalomyocarditis virus exhibits marked preference for nucleoside diphosphates over NTPs as substrates for viral RNA synthesis (19, 20) . Encephalomyocarditis virus could utilize nucleoside diphosphate and nucleoside monophosphate for viral RNA synthesis, and nucleoside diphosphate and nucleoside monophosphate kinases appear to be specifically associated with viral replication complexes (19, 20) . Several lines of evidence suggest that these nucleotide kinases together with the viral RNA polymerase are able to accomplish kinetic coupling between viral replication and synthesis of NTP (20) . Alternatively, this viral protein activity may be involved in modulation of cellular reactions, and 2C may indirectly affect processes by changing the delicately balanced intracellular nucleotide levels. The data presented here and the finding that the 2C protein of HPEV1, unlike the corresponding protein in enteroviruses, is not exclusively located to the replication complex (21; C. Krogerus, O. Samuilova, T. Pöyry, E. Jokitalo, and T. Hyypiä, unpublished data) suggest that the 2C protein may have distinct, unique functions in the viral life cycle. 
